SUMMARY
Previous studies have shown that patients with Takotsubo syndrome (TS) have supranormal nitric oxide signaling, and post-mortem studies of TS heart samples revealed nitrosative stress. Therefore, we first showed in a female rat model that isoproterenol induces TS-like echocardiographic changes, evidence of nitrosative stress, and consequent activation of the energy-depleting enzyme poly(ADP-ribose) polymerase-1. We subsequently showed that pre-treatment with an inhibitor of poly(ADP-ribose) polymerase-1 ameliorated contractile abnormalities. These findings thus add to previous reports of aberrant b-adrenoceptor signaling (4, 5) . Furthermore, it was originally considered that TS might be a relatively rare disorder, which is not the case: approximately 10% of suspected ST-segment elevation myocardial infarction cases in women aged >50 years are actually TS (6) . Finally, TS induces prolonged myocardial inflammation (7), including patchy inflammatory infiltrate on myocardial biopsy samples (8) , with persistent LV dysfunction (9) , disordered cardiac energetics (10) , and associated impairment of quality of life for $3 months, with a propensity toward recurrence (11) .
To date, the only definitive progress that has been made regarding the pathogenesis of TS is related to the pivotal role of catecholamine release and its interactions with the myocardium: there is extensive evidence that TS can be induced by both endogenous and exogenous catecholamines (12) . Furthermore, considerable evidence exists that the effects of this catecholamine "surge" on the myocardium include an initial phase of regional depression of myocardial contractility (with minimal myocardial necrosis) followed by a prolonged phase of slowly resolving intense and essentially global myocardial inflammation and associated edema. Among systemic markers of myocardial inflammatory activation, substantial release of B-type natriuretic peptide/N-terminal pro-B-type natriuretic peptide in the absence of pulmonary edema serves best to delineate the progress of attacks (13) . However, the precise cause of this inflammatory activation remains uncertain.
Studies in rodent models of TS have added substantially to the understanding of the impairment of myocardial contractility and associated propensity toward shock in the acute phases of the disorder.
Notably, 2 studies have suggested a pivotal role for stimulation of b 2 -adrenoceptors, with an associated shift from Gs-to Gi-based signal transduction, mediating cardiodepressant (but also cardioprotective) effects (14, 15) . However, the findings of these investigations do not address the issue of the pathogenesis of the myocardial inflammation that follows the initial catecholamine exposure, nor has any mechanism for inflammatory activation in TS been suggested by other previous experiments.
We made a series of observations which suggest that nitrosative stress may be critical to both inflammation and energetic impairment in TS. We showed We therefore sought to evaluate the potential roles of the generation of nitrosative stress, with the precursors of ONOO -(O 2 -and NO) being incrementally generated by increased b 2 -adrenoceptor stimulation (coupled to NOS activation [17] ) and by oxidative stress induced primarily by catecholamine-triggered b 1 -adrenoceptor stimulation and/or endothelial NOS "uncoupling,"
respectively; a rat model of TS was utilized.
We also sought to evaluate the impact of this putative cascade on expression of the pro-inflammatory a-arrestin thioredoxin-interacting protein (TXNIP), which might theoretically be increased either via direct stimulation by ONOO - (24) and/or via withdrawal of NO-mediated suppression (25) . Given that PARP-1 may activate nuclear factor kappa B (NFkB) (26) via phosphorylation, myocardial content of phosphorylated and total NFkB were also evaluated. LV wall thickness and fractional area shortening were measured at end-diastole in the parasternal long-axis view, by using two-dimensional echocardiography, at 3
pre-defined levels: 1) basal, measurements were
Nitrosative Stress and Takotsubo Syndrome In all cases, the methods utilized for these studies were analogous, with variation only in the primary and secondary antibodies and dilution used. Thus, the sequence of quantitation involved the following steps.
First, 4-mm sections of tissue were cut and mounted onto Menzel Superfrost Ultra Plus (Thermo Fisher Scientific, Waltham, Massachusetts) slides, then allowed to dry overnight in a 37 C oven. Slides were deparaffinized, followed by antigen retrieval in citrate buffer at 100 C. Slides were blocked for endogenous peroxidase utilizing 3% hydrogen peroxide, followed by protein blocking using DAKO serum-free protein block (Agilent Technologies, Santa Clara, California).
The primary antibodies were as follows: 3-NT (Upstate 
Nitrosative Stress and Takotsubo Syndrome induced by isoproterenol are depicted in Table 1 . Values are mean AE SEM. Echocardiographic changes associated with intraperitoneal administration of isoproterenol (5 mg/kg, n ¼ 17). The comparison is between pre-treatment status and 24 h post-isoproterenol.
FIGURE 1 Functional Effects of ISO Alone
Echocardiographic strain data derived from apical myocardial motion in (A) pre-treated state and (B) 24-h post-injection of isoproterenol (ISO). Post-ISO analysis showed marked impairment of apical radial strain. Ant ¼ anterior; AntSept ¼ anteroseptal; AVC ¼ aortic valve closure; Inf ¼ inferior; Lat ¼ lateral;
Post ¼ posterior; SAX-AP ¼ short axis-apex; Sept ¼ septal; SR ¼ strain rate.
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Nitrosative Stress and Takotsubo Syndrome Figure 6 ). Other echocardiographic measurements, such as apical wall thickness or heart rate, were not significantly different between the ISO alone and ISO/3AB groups. 
3AB alone induced no changes in wall motion (data not shown).

H i s t o l o g y / i m m u n o h i s t o c h e m i s t r y .
FIGURE 2 Effects of ISO on Inflammatory Markers
Leukocyte infiltration, as measured by CD45, is shown in (A) control rat myocardium and (B) isoproterenol (ISO)-treated myocardium, with (C) summary data.
Macrophage infiltration, measured with CD68 expression, is shown in (D) control rat myocardium and (E) ISO-treated myocardium, with (F) summary data. Five
sections from each group were analyzed (20 sections in total); black/dark brown represents positive staining. *p < 0.05.
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Nitrosative Stress and Takotsubo Syndrome Values are mean AE SEM. Echocardiographic changes associated with intraperitoneal administration of isoproterenol alone (ISO: 5 mg/kg, n ¼ 17) and isoproterenol þ 3-aminobenzamide (ISO/3AB: 50 mg/kg, n ¼ 17). Analysis is via 2-way analysis of variance, and p values are for time/treatment interaction.
FIGURE 6 Functional Effects of ISO/3AB
Changes in left ventricular apical radial strain over 24 h after ISO (solid line) or ISO/3-aminobenzamide (3AB) (dotted line).
Two-way ANOVA: interaction, p ¼ 0.0004; treatment, p < 0.0001; and time, p < 0.0001. Values are mean AE SEM.
*p < 0.05. Abbreviations as in Figure 3 .
Nitrosative Stress and Takotsubo Syndrome In view of the findings in the rats treated with isoproterenol alone, the question inevitably arises: is Figure 3 . Nitrosative Stress and Takotsubo Syndrome
